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Abstract: Micro-Electro-Mechanical Systems (MEMS) Deformable Mirrors (DMs) enable precise
wavefront control for optical systems. This technology can be used to meet the extreme wavefront
control requirements for high contrast imaging of exoplanets with coronagraph instruments.
MEMS DM technology is being demonstrated and developed in preparation for future exoplanet
high contrast imaging space telescopes, including the Wide Field Infrared Survey Telescope (WFIRST)
mission which supported the development of a 2040 actuator MEMS DM. In this paper, we discuss
ground testing results and several projects which demonstrate the operation of MEMS DMs in the
space environment. The missions include the Planet Imaging Concept Testbed Using a Recoverable
Experiment (PICTURE) sounding rocket (launched 2011), the Planet Imaging Coronagraphic
Technology Using a Reconfigurable Experimental Base (PICTURE-B) sounding rocket (launched 2015),
the Planetary Imaging Concept Testbed Using a Recoverable Experiment - Coronagraph (PICTURE-C)
high altitude balloon (expected launch 2019), the High Contrast Imaging Balloon System (HiCIBaS)
high altitude balloon (launched 2018), and the Deformable Mirror Demonstration Mission (DeMi)
CubeSat mission (expected launch late 2019). We summarize results from the previously flown
missions and objectives for the missions that are next on the pad. PICTURE had technical difficulties
with the sounding rocket telemetry system. PICTURE-B demonstrated functionality at >100 km
altitude after the payload experienced 12-g RMS (Vehicle Level 2) test and sounding rocket launch
loads. The PICTURE-C balloon aims to demonstrate 10−7 contrast using a vector vortex coronagraph,
image plane wavefront sensor, and a 952 actuator MEMS DM. The HiClBaS flight experienced a DM
cabling issue, but the 37-segment hexagonal piston-tip-tilt DM is operational post-flight. The DeMi
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mission aims to demonstrate wavefront control to a precision of less than 100 nm RMS in space with
a 140 actuator MEMS DM.
Keywords: MEMS deformable mirrors; exoplanet direct imaging; wavefront control; space telescope
technology
1. Introduction
Micro-Electro-Mechanical Systems (MEMS) Deformable Mirrors (DMs) are a promising
technology enabling precise wavefront control for high-contrast imaging systems. MEMS DMs offer
high-actuator density, large stroke, and precise control in a small, low-power form factor, which makes
them suitable for space-based wavefront control applications, such as space telescope coronagraph
instruments for exoplanet direct imaging [1,2]. For instance, the Boston Micromachines Corporation
(BMC) 4K DM has 4092 actuators across a 25 mm × 25 mm aperture with a stroke of 4 µm [3] and is
used on the ground for extreme adaptive optics on the Gemini Planet Imager [4].
In this paper, we summarize recent and planned astrophysics missions that will operate MEMS
DMs at high altitudes and in the space environment. We briefly motivate the use of MEMS DMs for
high contrast imaging of exoplanets and describe the MEMS DM design and manufacturing process at
a high level. We then discuss design approaches and considerations for adaptive optics (AO) systems
for space-based observatories. We introduce ground testbed laboratory results as well as sounding
rocket, high-altitude balloon, and CubeSat flight missions that incorporate MEMS DMs into their
payloads, and describe mission performance goals and results to date. We close with a discussion of
next steps to incorporate MEMS DMs into larger space platforms with longer mission lifetimes and
more challenging performance requirements.
2. Background
2.1. High Contrast Imaging of Exoplanets
High-contrast imaging can enable detailed characterization of exoplanets by gathering precise
astrometric data [5] and measuring a planet’s atmosphere through spectroscopy [6]. This data will
be key for constraining the orbits of exoplanets [7] and detecting biosignatures in order to assess
the potential habitability of exoplanets [8]. A detailed overview of the techniques for exoplanet
direct imaging can be found in Traub and Oppenheimer’s Direct Imaging chapter of Seager’s book
Exoplanets [9]. High contrast imaging can also detect and characterize circumstellar debris disk
structure to understand solar system formation [10,11].
Directly imaging Earth-like exoplanets is an immense technical challenge. Resolving an Earth-like
planet near a Sun-like star with a telescope requires instruments that are able to image at extremely
high contrasts of 10−10 [12]. Achieving this contrast level with a coronagraph instrument, which blocks
out the light of the target star so the dim companion planet is visible, requires an adaptive optics system
capable of picometer-level wavefront control [13]. Deformable mirrors can be used in coronagraph
systems to control the wavefront in order to prevent speckles and stray light from degrading the
contrast [13–15]. Picometer-level control has been demonstrated at the NASA Jet Propulsion Laboratory
(JPL) High Contrast Imaging Testbed [16]. This level of stability refers to the average surface flatness
over many spatial modes, not the flatness of individual atoms [9].
2.2. Deformable Mirror Technology
An adaptive optics system corrects wavefront errors in a telescope system in order to improve
image quality and contrast. It was first proposed in 1953 to correct for errors due to atmospheric
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turbulence for ground-based observatories [17]. For space telescopes, adaptive optics is proposed
to correct wavefront errors due to thermal and mechanical effects in space. In an adaptive optics
system, a wavefront sensor is used to detect wavefront errors, which are corrected by controlling an
adaptive or deformable mirror to counteract them. A deformable mirror can also be used to inject
known perturbations into the system in order to probe the wavefront for common-path wavefront
sensing [18].
MEMS DMs are one proposed technology to enable the precise wavefront control required
for space-based high contrast imaging. There are several other types of DMs that have been used
for astronomical applications, which are summarized in Madec 2012 [19], a review of deformable
mirror technologies for ground-based astronomy applications. Stacked array PMN and PZT, bimorph,
and voice coil actuator technologies are summarized here at a high level. Stacked array DMs use
ferroelectric actuators made up of stacks of individual disks. Lead zirconate titanate (PZT) actuators are
made up of piezoelectric ceramic disks that elongate with a linear response to the applied voltage [19].
These actuators can provide ∼5 µm of stroke, but exhibit hysteresis effects which makes high-speed,
precise control of the actuators difficult [20]. Another type of stacked array DM is based on lead
magnesium niobate (PMN) piezolectric ceramics. PMN actuators elongate with a quadratic response to
applied voltage, and are sensitive to temperature [19,21]. Adaptive Optics Associates (AOA) Xinetics
PMN DMs are currently baselined for the Wide-Field Infrared Survey Telescope (WFIRST) mission
and have been used at the NASA Jet Propulsion Laboratory High Contrast Imaging Testbed [22].
Bimorph DMs use the transverse piezoelectric effect to control the curvature of the DM [19].
These DMs offer high reliability, large stroke, and high accuracy [23], but require high voltages and are
limited to actuator counts of∼200–300 [19]. Voice coil actuator DMs use the Lorentz force to control the
shape of a thin floating optical shell [19]. Voice coil actuators are typically larger, high power systems
to achieve large strokes, and have been used as deformable secondary mirrors for large ground-based
telescopes [24].
2.3. MEMS Deformable Mirrors
MEMS Deformable Mirrors were first developed in the 1990s [25–27]. They are manufactured
in batches out of layers of conducting and insulating polysilicon films and then selectively etched to
form the actuators which are individually addressable through wire channels on a ceramic carrier [28].
The continuous or segmented mirror surface is coated for optical quality. Each actuator is controlled by
applying a voltage to the actuator electrodes which electrostatically attracts the electrically grounded
actuator membrane. Figure 1 shows an example of a MEMS DM from Boston Micromachines
Corporation (BMC).
Figure 1. MEMS Deformable Mirror from Boston Micromachines Corporation. The mirror pictured is a
KiloDM with 952 actuators across the 1 cm-wide aperture.
MEMS DMs are small in size and have low power requirements which makes them promising for
aerospace applications [20]. MEMS DMs can enable extremely high actuator densities with actuator
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pitches of ∼300–400 µm [29,30] compared to actuator spacings of ∼5–7 mm for PMN DMs [21],
which allows for high resolution control with smaller optics throughout the system which can reduce
cost [29]. MEMS DMs are manufactured in a bulk machining process at a cost of ∼$100 per actuator,
which is an order of magnitude less than the ∼$1000 per actuator cost of conventional DMs [19,31].
MEMS DMs have been shown to be capable of providing subnanometer scale flattening needed for
high contrast imaging applications [32,33]. A stability test showed a median of 0.08 nm actuator motion
over 40 minutes of operation, and a repeatability test showed that the displacements were repeatable to
less than 1 nm surface precision [1]. Laboratory tests have demonstrated their use for phase correction
to 6 nm root-mean-square (RMS) residual errors within the controllable spatial frequencies [34].
DMs can also be used to remove phase differences between the arms of an interferometer for speckle
nulling applications [35], and a MEMS DM has been demonstrated to reach path-length difference
control down to 2 nm RMS [36]. In addition to astronomy, MEMS DMs are used for applications such
as biological imaging [37], laser communications [38], and Earth observation imaging [39].
Other types of optical MEMS devices have flown in/near space before, such as the single
micromirror used on the MEMS Telescope for Extreme Lightning (MTEL) [40] and the microshutter
array used in the Far-UV Off Rowland-circle Telescope for Imaging and Spectroscopy (FORTIS)
sounding rocket instrument [41,42]. MEMS Fast Steering Mirrors (FSMs) have been proposed for
pointing control in free space laser communications systems [43], and MEMS Digital Micromirror
Devices (DMDs) have been tested for space applications to be used as a programmable slit mask for
multi-object spectroscopy [44].
Suppliers of MEMS DMs
A short summary of a few of the manufacturers of MEMS DMs is included here.
Boston Micromachines Corporation (BMC) is a US company that was founded in 1999 as a spin-off
from Boston University. BMC MEMS DMs are manufactured as either continuous membrane mirrors
or segmented mirrors with actuator counts from 32 up to 4092 actuators [30,45,46]. The BMC
MEMS fabrication process uses surface micromachining processes to create an array of independently
addressable electrostatic actuators on a silicon substrate as described in [47]. A picture of a BMC
MEMS DM is shown in Figure 1. BMC mirrors have been used or are planned for several current
and future space projects such as PICTURE, PICTURE-B, PICTURE-C, and DeMi as described in the
technology demonstration section of this paper.
IrisAO is a former US company that started in 2002 and supplied segmented MEMS DMs with
between 37 and 313 individual actuators with tip/tilt/piston control. IrisAO MEMS DMs were
manufactured using polysilicon surface micromachining to create actuator platforms and flip-chip
bonding bulk-micromachined mirror segments to the actuator platform arrays. Each actuator has three
parallel-plate electrodes to enable piston, tip, and tilt mirror segment motions [2,48,49]. An IrisAO
MEMS DM was used for the HiCIBaS high altitude balloon payload as described in the technology
demonstration section of this paper.
Flexible Optical B. V. (OKO Tech) is a Dutch company that was founded in 1997 and supplies a
variety of adaptive optical devices. They develop Micromachined Membrane Deformable Mirrors
(MMDMs) with 17 or 37 actuators. These DMs are bulk micromachined with a flexible membrane
stretched over a patterned array of electrodes [50].
Microscale is a US company that started in 2006 focusing on the development of deformable
mirrors for NASA’s space-based applications [51–54]. Microscale products include a PZT stack
actuator DM, a PMN-PT stack actuator DM, and a multiplexer-based driver application-specific
integrated circuit (ASIC) which would replace bulk DM electronics. The PMN-PT stack actuators
are manufactured through a patent-pending bulk-micromachining process in order to achieve better
electro-mechanical performance and improved yield. The actuator arrays are directly integrated with a
MEMS micromachined SOI (Silicon-on-Insulator) mirror. The multiplexer driver ASIC is designed with
ultralow static power dissipation such that an entire Switch-Mode (SM) ASIC consumes 2 mW static
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power. The Microscale Driver ASIC has 32× 32 outputs of 40 V capability, and can be extended to larger
formats by mosaicking multiple packages. A 64 × 64 driver ASIC module has been demonstrated by
mosaicking 4 of the 32 × 32 ASIC packages. The driver ASIC is currently undergoing radiation testing.
Many other designs of MEMS DMs have been researched, including a design with hexagonal
parallel plate actuators [55], and a large-stroke design that uses a polyimide thin film membrane for
the mirror [56]. Another design uses an electrostatic lever design to create high-stroke tip/tilt/piston
actuators and uses a heat treatment process to correct the mirror shape after fabrication [57]. A hybrid
design uses MEMS fabrication processes with a PZT ceramic material to create a bulk PZT actuated
MEMS DM [58,59].
2.4. Ground-Based Astronomy Applications
MEMS DMs have been used successfully for ground-based astronomy applications. The Gemini
Planet Imager uses a 64 × 64 actuator BMC MEMS DM [60] and achieved an order-of-magnitude
improvement in contrast compared to previous adaptive optics instruments [4]. The GPI mirror
underwent extensive qualification and testing before on-sky operations [61].
BMC MEMS DMs have also been deployed in the Robo-AO system at Palomar Observatory
(later moved to Kitt Peak) [62], the Shane-AO system at Lick Observatory [63], and the SCExAO system
at the Subaru Telescope [64,65]. The upgraded MagAO-X instrument plans to use a 2040-actuator BMC
MEMS DM, and a laboratory DM characterization pipeline has been developed to test these mirrors at
the University of Arizona Wavefront Control testbed [66].
Ground-based high contrast imaging instruments are likely limited to contrasts of between
10−8 and 10−9 due to the effects of Earth’s atmosphere [67–69] unless new technology such
as bright satellite-based laser guide stars can be used for wavefront sensing [70]. Space-based
observatories are the platform of choice to reach the 10−10 to 10−11 contrasts required to image
Earth-like exoplanets around Sunlike stars [12,71]. Proposed starshade missions [72] and satellite laser
guidestar missions [70] trade significantly relaxed telescope stability requirements for a new set of
manufacturing and formation-flying challenges and are likely best-suited to deep characterization of a
few high-priority systems because the maneuvering time for the starshade or laser guidstar satellite to
traverse between targets leads to a low observational cadence.
2.5. Design Considerations
The goal of an adaptive optics system for space telescopes is to counteract optical aberrations
due to thermal and mechanical variability in the telescope system. Mitigating the wavefront errors
resulting from these dynamic effects in space typically requires control loops at a few Hz [73], much
slower than the 2500 Hz required to compensate for atmospheric aberrations in a ground-based
astronomical observatory.
A derivation of how deformable mirror parameters affect wavefront correction performance can
be found in [9]. This section summarizes the key results from that chapter, which provide a relevant
framework for the missions discussed in more detail in this paper.
The number of actuators across the DM governs the spatial frequency of errors that can be
corrected [9]. Since they are able to fit and subtract higher spatial frequency surface errors, high
actuator density DMs can correct contrast over a larger angular area with smaller optics along the
optical train, which can reduce overall cost [29]. The actual shape and size of the dark hole, or area of
high contrast in the science image, depends on the design of the coronagraph system.
The stroke required for the DM is related to the expected amplitudes of the errors the DM needs
to correct in the system [19]. Achieving high strokes on MEMS DMs can be a challenge due to the tight
actuator spacing, but this can be resolved by using a high stroke, low actuator count non-MEMS DM
to correct larger low frequency errors in addition to the lower stroke, high spatial frequency MEMS
DM to correct residual high frequency errors in a “woofer-tweeter” configuration [74,75].
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Speckles due to phase errors alone can be corrected by a single DM across the image, but speckles
due to phase and amplitude errors can only be canceled on one side of the star or the other unless a
second DM is used [9]. For high contrast space-based applications, the use of two DMs is planned
to enable dark holes on both sides of the star [76]. Several proposed approaches to control the two
DMs and optimize contrast across a large area at multiple wavelengths simultaneously are introduced
in [77]. Electric Field Conjugation estimates the phase in the pupil and sets the DM to conjugate this
phase to flatten the wavefront [78]. Stroke minimization builds up an interaction matrix to describe
the mapping between the DM and the speckle field and calculates the DM shape required to reach
a target contrast with the minimum stroke. At each iteration, the interaction matrix is recomputed
and the target contrast lowered until the dark hole contrast is achieved with the minimum stroke
induced on the DM [76,79]. Stroke minimization has been demonstrated with two DMs (one to correct
phase errors and one to correct amplitude errors) for monochromatic light [80] and broadband light
for the WFIRST Astrophysically Focused Telescope Assets (AFTA) (now Coronagraphic Instrument
(CGI)) instrument [81]. A formalism for approaching multi-wavelength correction problems and an
approach for using multiple DMs to create a polychromatic null (a high contrast region across multiple
wavelengths) is described in [15].
Other important characteristics of DMs are actuator speed, stability, repeatability, hysteresis,
and inter-actuator influence. Actuator speed determines how fast the wavefront control loop can
respond to disturbances. Testing with a 32 × 32 actuator BMC continuous facesheet MEMS DM
demonstrated fast actuation with a response time of <0.35 ms [35]. The MEMS DM in the Gemini
Planet Imager was able to meet the maximum update rate requirement of 2500 Hz to correct for
atmospheric turbulence [4,74].
Actuator stability refers to the ability of the actuators to hold their shape over time,
while repeatability refers to the ability of the actuator to return to the same position under the
same applied voltage consistently. Laboratory testing with a 1024-actuator continuous facesheet BMC
MEMS DM demonstrated flat shape stability to 0.08 nm RMS over 40 minutes of operation [1] and
median actuator repeatability to 0.046 nm surface [29]. Stability testing of IrisAO 37 piston/tip/tilt
actuator MEMS DMs showed that the open-loop flattening error increased by 5.68 nm rms over 29
months of testing [82].
Hysteresis occurs when a system’s response to an input control signal is not perfectly repeatable,
but depends on the prior states of the system. For MEMS DMs, this means that the mirror elements
actuate to a different position depending on whether the voltage was ramping up or down to a given
value. This effect has been tested in the lab with a 1024 actuator BMC continuous facesheet MEMS DM
and shown to be negligible [29].
The inter-actuator influence refers to the passive motion of nearby actuators due to the deflection
of a single actuator. This property was measured with a 140 actuator BMC continuous facesheet MEMS
DM to be 13.5% for the first directly adjacent actuators and <1% for diagonal actuators and second
neighboring actuators [83].
A major step in qualifying a DM for high-contrast imaging is assessing how flat it is under
closed loop control. Testing with a 1024-actuator continuous facesheet BMC MEMS DM demonstrated
flattening in lab to 0.54 nm RMS [1,84].
3. Technology Demonstrations
Applying MEMS technology to space missions introduces several challenges due to the launch
and space environment. The launch environment requires spacecraft components to withstand acoustic
shocks and vibrational loads during launch. Once the spacecraft is in space, the components must
operate in vacuum over varying thermal conditions while withstanding the effects of ionizing radiation.
This section summarizes the progress of technology demonstrations aimed at preparing this technology
for future space telescope missions.
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3.1. Ground Testing
A key test for space technology is the ability to operate in vacuum. A 32× 32 actuator BMC MEMS
DM was used in vacuum to create a dark hole with 10−7 contrast with polychromatic light for the
EXoplanetary Circumstellar Environments and Disk Explorer (EXCEDE) mission concept study [85,86].
The Visible Nulling Coronagraph (VNC) testbed used an Iris-AO DM with 169 hexagonal segments to
demonstrate a dark hole with 10−9 contrast in vacuum [87].
A set of IrisAO 37 piston/tip/tilt actuator segmented MEMS DMs underwent thermal testing to
assess the mirror response to temperature fluctuations between 21–28 ◦C. The average change in the
surface of the flat DMs due to the temperature change was 0.62–1.42 nm rms/◦C [82].
Another consideration for potential infrared imaging applications is the ability to operate at
cryogenic temperatures in order to reduce thermal noise, which can dominate infrared observations.
A cryogenic MEMS DM design was developed by BMC by mounting the mirror chip on a silicon board
to reduce thermal stress and oxidizing the substrate to form an insulating layer [88]. A 32-actuator
prototype cryogenic DM demonstrated no significant change in performance at 95 K and at room
temperature [88], and a 1020-actuator cryogenic DM demonstrated successful operation during three
cooling cycles between 5 K and 295 K [89]. A 37-actuator membrane DM by OKO Technologies was
tested at cryogenic temperatures and demonstrated similar influence functions with surface deflection
reduced by 20% at 78 K compared to room temperature [90].
Radiation can affect MEMS devices when dielectric insulating materials trap charge, impacting
the device response to electrostatic actuation [91,92]. The deflection of a single actuator of a BMC
MEMS DM was measured under total dose radiation levels of 0–3000 Krad (Si) and demonstrated no
significant change during radiation testing [92].
3.2. Technology Development For Exoplanet Missions Program
The NASA Exoplanet Exploration Office funds a series of Technology Development for Exoplanet
Mission (TDEM) awards to demonstrate technologies for exoplanet missions. BMC has been
awarded a TDEM grant in order to demonstrate survivability and performance repeatability of the
952-actuator BMC MEMS continuous DM after exposure to launch-like vibration, shock, and acoustic
conditions [93]. The testing will be conducted on a set of 952 actuator continuous facesheet DMs at
NASA Goddard Space Flight Center’s Environmental Test and Integration Facility [93]. The mirrors
will be split into groups and tested to low, medium, and high vibration, acoustic, and shock levels.
The mirrors will be tested before and after testing using a combination of instruments available at BMC,
NASA JPL’s Vacuum Surface Gauge instrument, and Princeton High Contrast Imaging Laboratory
equipment. This testing will assess any changes in performance by measuring influence functions and
displacements of each actuator and measuring the achievable dark hole contrast and stability [93].
3.3. The PICTURE Missions
The Planet Imaging Concept Testbed Using a Recoverable Experiment (PICTURE) and Planet
Imaging Coronagraphic Technology Using a Reconfigurable Experimental Base (PICTURE-B) sounding
rockets and the Planetary Imaging Concept Testbed Using a Recoverable Experiment - Coronagraph
(PICTURE-C) high-altitude balloon payload are a series of projects with the goal of demonstrating
planet imaging technology in a space and near-space environment. The missions are designed to
observe the Epsilon Eridani circumstellar disk environment [94]. The science payloads use MEMS
DMs to enable wavefront control and high contrast imaging. For a description of the PICTURE
optical payload, see Mendillo et al. 2012 [94]. For a description of path length control in the nulling
interferometer with the DM, see Rao et al. 2008 [36]. This section summarizes the design and results
of the PICTURE sounding rocket mission (launched October 11), the PICTURE-B sounding rocket
mission (launched November 2015), and the PICTURE-C high altitude balloon payloads (launching
June 2019 and September 2020).
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3.3.1. PICTURE Sounding Rocket Design
The PICTURE (and PICTURE-B) science instrument is a lateral-shearing Mach-Zehnder nulling
interferometer, which suppresses the light from the target star through destructive interference while
transmitting light through closely spaced bright fringes [36,95]. The payload employs a 32× 32 actuator
BMC MEMS DM for wavefront control in order to minimize the path length difference between the
two arms of the interferometer. Thus, the DM does not flatten the overall wavefront or increase
the image Strehl, but increases contrast by suppressing transmitted light. The payload also uses a
piezoelectric fast-steering mirror for optical stabilization. The wavefront control system measures
the wavefront with a calibration interferometer that varies the path length differences between the
arms of the interferometer to step through a series of phase offsets and measure the resultant fringes.
These fringes are used to build up a phase map of the wavefront in the system, which is used to
control the DM to flatten the wavefront and minimize the path difference between the two arms of
the interferometer.
3.3.2. PICTURE Testing and Flight Results
Prior to launch, the PICTURE payload underwent vibration testing to NASA Vehicle Level 2
levels with the DM in place. The payload was shaken in three axes for 10 seconds per axis according to
the spectrum specified in [96]. The DM was tested successfully after the vibration test.
The PICTURE sounding rocket flew on 8 October 2011. Unfortunately, ∼70 seconds into flight
the primary telemetry transmitter failed. The fine pointing system was demonstrated but none of the
other flight demonstration goals can be confirmed due to lack of data [94].
The MEMS DM survived the launch and recovery, but was not measured in the near-space
environment [94]. The telescope primary mirror shattered and was not recovered intact but the nuller
assembly survived landing and recovery [94]. Some DM actuators were not working after recovery,
but the cause of failure cannot be confirmed due to lack of flight data. The DM and cables could
have been damaged in assembly, landing, recovery, transport, or disassembly. Since the mirror and
cables were permanently bonded together, the entire assembly, including the Kilo-DM, breakout board,
and flex cables were replaced prior to reflight. The primary mirror was also replaced before reflight
as PICTURE-B.
3.3.3. PICTURE-B Flight Results
PICTURE-B launched with a new Kilo-DM and a new primary mirror in November 2015 [97].
The PICTURE-B flight experienced a payload anomaly, likely due to shifting of the DM mount during
flight. During this flight, the instrument did not advance past the wavefront measurement phase.
The data that was collected demonstrates wavefront sensing and shows that the DM flattened,
actuating in the space environment, as shown in Figure 2. Since the full payload survived flight and is
still assembled, the mirror has not been individually characterized. In qualitative end-to-end payload
tests, which subject the payload to the expected vibrational and atmospheric disturbances across the
0.5 m telescope, the MEMS DM has been observed to respond as expected.
3.3.4. PICTURE-C High Altitude Balloon Project
The PICTURE project is continuing with the Planetary Imaging Concept Testbed Using a
Recoverable Experiment—Coronagraph (PICTURE-C) instrument high-altitude balloon payload [98].
This instrument uses a Vector Vortex Coronagraph instead of a nulling interferometer. The project has
recently switched away from the baselined DM [99] and has selected a BMC 952 actuator MEMS DM
driven by a miniaturized DM controller [75] for high-order wavefront control and is scheduled for
launch in 2019.
Micromachines 2019, 10, 366 9 of 20
3.4. The High-Contrast Imaging Balloon System
The High-Contrast Imaging Balloon System (HiCIBaS) high-altitude balloon payload is designed
to test high contrast imaging equipment and algorithms in a near-space environment at a low cost [100].
This technology demonstration payload uses a IrisAO MEMS DM with 37 hexagonal piston-tip-tilt
segments for wavefront control with its Coronagraph Wavefront Sensor (CWS) instrument. For a
description of the balloon mission objectives and instrument design, refer to Cote et al. 2018 [100].
The full payload flew successfully on 25 August 2018 [101]. During flight, a cabling issue prevented
commands from being sent to the DM, so in-flight operation cannot be confirmed. Images taken with
a calibration source during flight agreed well with images taken in lab with the DM powered off,
which implies that the DM did not move significantly during flight. The DM is still operational, with a
single stuck actuator and a small loss of stroke measured post flight. On sky testing of the Low Order
Wavefront Sensor (LOWFS) was conducted in 2018 to validate the wavefront sensors and compare the
measurements from external starlight and the internal laser source [102]. These tests also compared
the signals from the payload Shack-Hartmann wavefront sensor and the pyramid wavefront sensor
and showed good agreement between all configurations [102].
Figure 2. PICTURE-B flight measurement of the deformable mirror surface (b) compared to the
unpowered DM profile, for the same unit, provided by BMC (a) demonstrates that the BMC Kilo
MEMS DM was turned on and operating in the near-space environment. The median system stability
measured in flight, including telescope and coronagraph wavefront errors other than tip, tilt, and piston,
was 3.6 nm per pixel. Data is masked under the shearing coronagraph’s Lyot mask and for a region
where wavefront sensor visibility was low. Reproduced from Douglas et al. [97].
3.5. The Deformable Mirror (DeMi) CubeSat Payload
The Deformable Mirror Demonstration Mission (DeMi) CubeSat payload will demonstrate
the on-orbit performance of a 140-actuator BMC MEMS DM on a 6U (10 cm × 20 cm × 30 cm)
CubeSat [103–106]. The goal of this mission is to raise the Technology Readiness Level (TRL) of MEMS
DM technology from a TRL of 5 to at least a TRL of 7 for future space telescope applications [107]. For a
description of the DeMi optical design, see Allan et al. 2018 [108]. For a description of the DM driver
development, see Haughwout 2018 [20]. The key DeMi mission requirements are to measure individual
DM actuator wavefront displacement contributions to a precision of 12 nm, measure low order optical
aberrations to λ/10 accuracy and λ/50 precision, and correct static and dynamic wavefront errors to
less than 100 nm RMS error. This section summarizes the design and concept of operations for the
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mission as well as integration and testing progress in preparation for the expected mission launch in
late 2019.
3.5.1. Design
The DeMi optical design contains an off axis parabola-based telescope with a 50 mm primary
mirror, a 140-actuator BMC Multi DM, and both an Image Plane wavefront sensor (WFS) and a Shack
Hartmann WFS [108]. The Image Plane WFS captures pictures of the system Point-Spread Function
(PSF) and serves as a truth sensor for wavefront correction. The Image Plane WFS is also used to
detect tip-tilt errors. The Shack Hartmann WFS uses a lenslet array to split the light into sections
and focus it into a grid of spots on the detector. The displacement of each spot corresponds to the
wavefront slope incident on the corresponding lenslet. This sensor is used to measure wavefront
aberrations and monitor the DM health on-orbit. A diagram of the DeMi optical payload is shown in
Figure 3. The original driver electronics for the DM were not designed for space operation and were
too large to fit onboard the 6U CubeSat, so custom miniaturized drive electronics based on commercial
components were developed [20].
Figure 3. Diagram of the optical components for the Deformable Mirror Demonstration Mission (DeMi)
CubeSat payload with ray path overlaid.
The DeMi payload has both external and internal operational modes. It can observe stellar targets
and collect photometric measurements through the primary aperture, or it can use the internal laser
fiber source for calibration measurements. For external observations of stellar targets, the Image Plane
WFS will be used for closed-loop control of the DM, and performance will be measured with the Shack
Hartmann WFS. For internal calibration, the internal laser source will be turned on and either the
Image Plane WFS or the Shack Hartmann WFS will be used for closed-loop control of the DM, with the
other sensor measuring performance. The internal laser source will also be used for actuator tests
of the DM where each actuator will be poked and the resultant wavefront will be measured on both
the Image Plane WFS and the Shack Hartmann WFS. This data will be used to assess the on-orbit
performance of the MEMS DM over a year of operation.
3.5.2. Integration and Testing
The DeMi payload is currently in the integration and testing stage at MIT. A full Engineering
Model (EM) has been assembled and aligned for end-to-end system testing. This was used to check
the integration procedures and find any mechanical issues before the flight unit is built [109]. Figure 4
shows the aligned engineering model of the DeMi optics payload. The miniaturized DM driver
electronics are shown in Figure 5. Figure 6 shows the result of a fit check with the DeMi optics bench,
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DeMi electronics, and Blue Canyon Technologies bus simulator within the 6U spacecraft chassis from
Blue Canyon Technologies.
The Engineering Model has been used to test the voltage response of the DM actuators with the
wavefront sensors [107]. For this test, a single actuator or a 4 × 4 region was displaced to a certain
voltage and measured on the Shack Hartmann WFS. The spot displacements on the Shack Hartmann
WFS were used to measure the actuator displacement which were compared to values reported from
BMC testing. Results from this test are shown in Figure 7. The mean difference between the EM
measurements and the BMC values was 28.9% for single actuator pokes and 19.4% for 4 × 4 regions.
Figure 4. Engineering Model for the Deformable Mirror Demonstration Mission (DeMi) CubeSat Payload.
Figure 5. Miniaturized DM driver electronics for DeMi CubeSat payload as described in [20].
The dimensions of each board are 80 mm × 80 mm × 10 mm. The complete driver stack consists of
two driver boards, the high voltage power supply board, and the two Raspberry Pi boards. Each driver
board has 70 output channels with 14 bits of resolution from 0 to 180 Volts.
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Figure 6. DeMi optical bench and electronics fit check in 6U bus chassis from Blue Canyon Technologies.
Entrance baffle (top left), camera controller boards (bottom right) and flight bus stack are omitted.
Figure 7. Results from actuator displacement tests. Plot shows actuator displacements measured
from spot displacements on the Shack Hartmann WFS vs. the input voltage. The solid lines show
measurements from the engineering model and the dashed lines are reported values from BMC.
The mean difference between the EM measurements and the BMC values was 28.9% for single actuator
pokes and 19.4% for 4 × 4 regions.
The engineering model is also being used to test the miniaturized COTS-based DM driver
developed for DeMi. Figure 8 shows the results of displacing a single actuator with the DeMi driver
compared to displacement measurements from the BMC driver. The mean difference between the
DeMi driver and BMC driver displacements was 11.7%.
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Figure 8. Results from miniaturized DM driver tests. Plot shows single actuator displacements
measured from spot displacements on the Shack Hartmann WFS vs. the input voltage. Blue line is
DeMi COTS-based miniaturized driver performance and green line is reported values from BMC.
The mean difference between the DeMi driver and BMC measurements was 11.7%.
The next steps for the DeMi project are full environmental testing, wavefront sensing and
correction tests, flight model integration and test, and integration with the spacecraft bus in preparation
for launch. Launch is expected in late 2019. The flight results from this mission will demonstrate
MEMS DM technology in space so it can be applied to future space telescope high contrast imaging
applications, which are summarized in the next section.
4. Technology Development and Path Forward
Deformable mirrors are a key technology for future space telescopes using coronagraphic
instruments for high-contrast imaging of exoplanets.
Several sounding rocket, space balloon, and CubeSat missions have flown or are flying in the
near future to prepare this technology for space mission applications. The PICTURE and PICTURE-B
sounding rocket missions have flown MEMS DMs and demonstrated their operation and actuation
in the near space environment. The PICTURE-C high altitude balloon mission aims to demonstrate
10−7 contrast using a vector vortex coronagraph, image plane wavefront sensor, and a 952-actuator
BMC MEMS DM. The HiCIBaS balloon mission hopes to demonstrate a 37-segment IrisAO MEMS
DM with hexagonal piston-tip-tilt segments at high altitudes. The HiCIBaS balloon mission and DeMi
CubeSat mission aim to raise the TRL for MEMS DM technology from 5 to 7. The DeMi mission aims
to demonstrate wavefront control in space with a 140-actuator BMC MEMS DM.
There are several outstanding challenges in applying this technology to space missions. One of the
key challenges is developing DM driver electronics that meet the size, weight, and power constraints
of space missions and can withstand the radiation environment of a long duration space flight mission.
The DeMi team and a team at NASA Ames Research Center have designs for DM driver electronics
that meet these requirements [20,75]. Another challenge is handling tip-tilt errors alongside higher
order optical aberrations with the DM. A proposed solution to this problem is to develop DM mounts
with tip-tilt control so these aberrations can be corrected without adding extra path length to the
optical design.
MEMS DMs have been proposed or baselined for several future space missions. The NASA
Small Business Innovation Research Program has funded the development of high actuator count
MEMS DM devices at BMC for future exoplanet technology applications. Last year, BMC announced
the production of a fully-functioning 2040-element MEMS DM through this program which is being
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evaluated for potential inclusion on the WFIRST CGI instrument [110]. Two of the mission concept
studies for the upcoming Astrophysics Decadal Survey have exoplanet direct imaging instruments that
use DMs for wavefront control. The Habitable Exoplanet (HabEx) mission study baselines two 64 × 64
MEMS DMs for wavefront control [111], while the Large UV-Optical-InfraRed Surveyor (LUVOIR)
mission study baselines two high-actuator count BMC MEMS DMs and identifies these devices as a
key technology area for the mission [112–114].
Looking forward, MEMS DMs show potential to enable high-contrast imaging of exoplanets for
future space telescopes. This paper summarizes the status of technology demonstrations to advance
this technology for space telescope applications.
Author Contributions: R.E.M. performed the literature review and wrote the manuscript. E.S.D. lead the DeMi
team at MIT and suggested papers to review. G.W.A., M.E., G.F., J.N.G., C.A.H., B.G.H., C.B.M., P.d.V.P., A.J.S.
and Y.X. are all members of the MIT DeMi team, and provided edits to the manuscript. K.L.C. is the PI of the
DeMi mission and provided edits to the manuscript. E.S.D., P.B., S.C., T.C. and C.B.M. are all members of the
PICTURE team and provided edits and paper suggestions for the manuscript. M.O. and S.T. are members of the
HiCIBaS project and provided details on the post-flight DM performance. T.G. suggested papers to review and
edited the manuscript. P.B. provided input on the status of Boston Micromachines Corporation DM testing and
development. X.W. provided input on the status of Microscale Inc. research and development.
Funding: The DeMi mission is sponsored by DARPA and managed by Aurora Flight Sciences (a Boeing Company).
Rachel Morgan is supported by a NASA Space Technology Research Fellowship.
Acknowledgments: The DeMi team would like to thank MIT Kavli Institute and Gabor Furesz for providing
access to the interferometer used to align DeMi and MIT Lincoln Laboratory for supporting optical bonding of
components.
Conflicts of Interest: Coauthor PB is the president and CEO of Boston Micromachines Corporation. Coauthor
XW is the president of Microscale Inc.
References
1. Morzinski, K.M.; Evans, J.W.; Severson, S.; Macintosh, B.; Dillon, D.; Gavel, D.; Max, C.; Palmer, D.
Characterizing the potential of MEMS deformable mirrors for astronomical adaptive optics. In Proceedings
of the SPIE 6272 Advances in Adaptive Optics II, Orlando, FL, USA, 24–31 May 2006. [CrossRef]
2. Helmbrecht, M.A.; He, M.; Kempf, C.J.; Besse, M. MEMS DM development at Iris AO, Inc. In Proceedings of
the SPIE 7931 MEMS Adaptive Optics V, San Francisco, CA, USA, 22–27 January 2011. [CrossRef]
3. Bifano, T. MEMS deformable mirrors. Nat. Photonics 2011, 5, 21–23. [CrossRef]
4. Macintosh, B.; Graham, J.R.; Ingraham, P.; Konopacky, Q.; Marois, C.; Perrin, M.; Poyneer, L.; Bauman, B.;
Barman, T.; Burrows, A.; et al. The Gemini Planet Imager: First Light. Proc. Natl. Acad. Sci. USA 2014, 111,
12661–12666. [CrossRef] [PubMed]
5. Chauvin, G.; Lagrange, A.M.; Beust, H.; Bonnefoy, M.; Boccaletti, A.; Apai, D.; Allard, F.; Ehrenreich, D.;
Girard, J.H.V.; Mouillet, D.; et al. Pictoris b giant planet. Astron. Astrophys. 2012, 542, A41. [CrossRef]
6. Oppenheimer, B.R.; Baranec, C.; Beichman, C.; Brenner, D.; Burruss, R.; Cady, E.; Crepp, J.R.; Dekany, R.;
Fergus, R.; Hale, D.; et al. Reconnaissance of the hr 8799 exosolar system. I. near-infrared spectroscopy.
Astrophys. J. 2013, 768, 24. [CrossRef]
7. Kalas, P.; Graham, J.R.; Fitzgerald, M.P.; Clampin, M. Stis coronagraphic imaging of fomalhaut: Main belt
structure and the orbit of fomalhaut b. Astrophys. J. 2013, 775, 56. [CrossRef]
8. Seager, S.; Deming, D. Exoplanet Atmospheres. Annu. Rev. Astron. Astrophys. 2010, 48, 631–672. [CrossRef]
9. Traub, W.A.; Oppenheimer, B.R.; Seager, S.E. Direct Imaging of Exoplanets. In Exoplanets; University of
Arizona Press: Tucson, AZ, USA, 2010; pp. 111–156.
10. Wyatt, M.C. Evolution of Debris Disks. Annu. Rev. Astron. Astrophys. 2008, 46, 339–383. [CrossRef]
11. Schneider, G.; Grady, C.A.; Hines, D.C.; Stark, C.C.; Debes, J.H.; Carson, J.; Kuchner, M.J.; Perrin, M.D.;
Weinberger, A.J.; Wisniewski, J.P.; et al. Probing for exoplanets hiding in dusty debris disks: Disk imaging,
characterization, and exploration with HST/STIS multi-roll coronagraphy. Astron. J. 2014, 148. [CrossRef]
12. Crill, B.; Siegler, N.; Domagal-goldman, S.; Mamajek, E.; Stapelfeldt, K. Key Technology Challenges for the
Study of Exoplanets and the Search for Habitable Worlds. arXiv 2018, arXiv:1803.04457
Micromachines 2019, 10, 366 15 of 20
13. Nemati, B.; Stahl, M.T.; Stahl, H.P.; Shaklan, S.B. Effects of space telescope primary mirror segment errors on
coronagraph instrument performance. In Proceedings of the SPIE 10398 UV/Optical/IR SPace Telescopes
and Instruments: Innovative Technologies and Concepts VIII, San Diego, CA, USA, 6–10 August 2017.
[CrossRef]
14. Malbet, F.; Yu, J.W.; Shao, M. High-Dynamic-Range Imaging Using a Deformable Mirror for Space
Coronography. Publ. Astron. Soc. Pac. 1995, 107, 386–398. [CrossRef]
15. Pueyo, L.; Kasdin, N.J. Polychromatic Compensation of Propagated Aberrations for High-Contrast Imaging.
Astrophys. J. 2007, 666, 609–625. [CrossRef]
16. Trauger, J.T.; Traub, W.A. A laboratory demonstration of the capability to image an Earth-like extrasolar
planet. Nature 2007, 446, 771–773. [CrossRef] [PubMed]
17. Babcock, H.W. The Possibility of Compensating Astronomical Seeing. Publ. Astron. Soc. Pac. 1953,
65, 229–236. [CrossRef]
18. Jovanovic, N.; Absil, O.; Baudoz, P.; Beaulieu, M.; Bottom, M.; Cady, E.; Carlomagno, B.; Carlotti, A.;
Doelman, D.; Fogarty, K.; et al. Review of high-contrast imaging systems for current and future ground-based
and space-based telescopes II. Common path wavefront sensing/control and Coherent Differential Imaging.
In Proceedings of the SPIE Astronomical Telescopes and Instrumentation, Austin, TX, USA, 10–15 June 2018.
19. Madec, P.Y. Overview of deformable mirror technologies for adaptive optics and astronomy. In Proceedings
of the SPIE Adaptive Optics Systems III, Amsterdam, The Netherlands, 1–6 July 2012. [CrossRef]
20. Haughout, C. Electronics Development for the Deformable Mirror Demonstration Mission (DeMi).
Master’s Thesis, Massachusetts Institute of Technology, Cambridge, MA, USA, 2018.
21. Wirth, A.; Cavaco, J.; Bruno, T.; Ezzo, K.M. Deformable mirror technologies at AOA Xinetics.
In Proceedings of the SPIE 8780 High-Power, High-Energy, and High-Intensity Laser Technology, and
Research Using Extreme Light: Entering New Frontiers with Petawatt-Class Lasers, Prague, Czech Republic,
15–18 April 2013; Volume 8780, p. 87800M. [CrossRef]
22. Poberezhskiy, I.; Zhao, F.; An, X.; Balasubramanian, K.; Belikov, R.; Cady, E.; Demers, R.; Diaz, R.; Gong, Q.;
Gordon, B.; et al. Technology development towards WFIRST-AFTA coronagraph. In Proceedings of the
SPIE 9143 Optical, Infrared, and Millimeter Wave, Montréal, QC, Canada, 22–27 June 2014. [CrossRef]
23. Bonora, S.; Pilar, J.; Lucianetti, A.; Mocek, T. Design of deformable mirrors for high power lasers. High Power
Laser Sci. Eng. 2016, 4. [CrossRef]
24. Biasi, R.; Gallieni, D.; Salinari, P.; Riccardi, A.; Mantegazza, P. Contactless thin adaptive mirror technology:
Past, present, and future. In Adaptive Optics Systems II; International Society for Optics and Photonics:
Bellingham, WA, USA, 2010. [CrossRef]
25. Vdovin, G.; Sarro, P.M. Flexible mirror micromachined in silicon. Appl. Opt. 1995, 34, 2968–2972. [CrossRef]
[PubMed]
26. Bifano, T.G.; Perreault, J.; Krishnamoorthy Mali, R.; Horenstein, M.N. Microelectromechanical deformable
mirrors. IEEE J. Sel. Top. Quantum Electron. 1999, 5, 83–89. [CrossRef]
27. Roggeman, M.C.; Bright, V.M.; Welsh, B.M.; Hick, S.R.; Roberts, P.C.; Cowan, W.D.; Comtois, J.H. Use of
micro-electro-mechanical deformable mirrors to control aberrations in optical systems: Theoretical and
experimental results. Opt. Eng. 1997, 36, 1326–1338. [CrossRef]
28. Mali, R.K.; Bifano, T.G.; Vandelli, N.; Horenstein, M.N. Development of microelectromechanical deformable
mirrors for phase modulation of light. Opt. Eng. 1997, 36, 542–548. [CrossRef]
29. Morzinski, K.M.; Gavel, D.T.; Norton, A.P.; Dillon, D.R.; Reinig, M.R. Characterizing MEMS deformable
mirrors for open-loop operation: High-resolution measurements of thin-plate behavior. In MEMS Adaptive
Optics II; International Society for Optics and Photonics: Bellingham, WA, USA, 2008. [CrossRef]
30. Cornelissen, S.A.; Bierden, P.A.; Bifano, T.G.; Lam, C.V. A 4096 element continuous facesheet MEMS
deformable mirror for high-contrast imaging. MEMS Adapt. Opt. 2009, 8. [CrossRef]
31. Mawet, D. Adaptive Optics I: Principles, Wavefront Sensors, Deformable Mirrors, 2015. Available online:
http://www.astro.caltech.edu/dmawet/teaching/ay122a_adaptiveoptics_1.pdf (accessed on 30 May 2019).
32. Morzinski, K.M.; Norton, A.P.; Evans, J.W.; Reza, L.; Severson, S.A.; Dillon, D.; Reinig, M.; Gavel, D.T.;
Cornelissen, S.; Macintosh, B.A.; et al. MEMS practice, from the lab to the telescope. In MEMS Adaptive
Optics VI; International Society for Optics and Photonics: Bellingham, WA, USA, 2012. [CrossRef]
33. Evans, J.W.; Macintosh, B.; Poyneer, L.; Morzinski, K.; Severson, S.; Dillon, D.; Gavel, D.; Reza, L.
Demonstrating sub-nm closed loop MEMS flattening. Opt. Express 2006, 14. [CrossRef]
Micromachines 2019, 10, 366 16 of 20
34. Poyneer, L.A.; Bauman, B.; Macintosh, B.A.; Dillon, D.; Severson, S. Experimental demonstration of phase
correction with a 32 × 32 microelectromechanical systems mirror and a spatially filtered wavefront sensor.
Opt. Lett. 2006, 31, 293. [CrossRef] [PubMed]
35. Wallace, J.K.; Bartos, R.; Rao, S.; Samuele, R.; Schmidtlin, E. A laboratory experiment for demonstrating
post-coronagraph wavefront sensing and control for extreme adaptive optics. In Advances in Adaptive Optics
II; International Society for Optics and Photonics: Bellingham, WA, USA, 2006. [CrossRef]
36. Rao, S.R.; Wallace, J.K.; Chakrabarti, S.; Cook, T.; Schmidtlin, E.; Stewart, J.B.; Levine, B.M.; Jung, P.; Lane,
B.; Shao, M.; et al. Path length control in a nulling coronagraph with a MEMS deformable mirror and
a calibration interferometer. In MEMS Adaptive Optics II; International Society for Optics and Photonics:
Bellingham, WA, USA, 2008. [CrossRef]
37. Doble, N.; Williams, D.R. The Application of MEMS Technology for Adaptive Optics in Vision Science.
IEEE J. Sel. Top. Quantum Electron. 2004, 10, 629–635. [CrossRef]
38. Wilks, S.C.; Morris, J.R.; Brase, J.M.; Olivier, S.S.; Henderson, J.R.; Thompson, C.A.; Kartz, M.W.;
Ruggerio, A.J. Modeling of adaptive optics-based free-space communications systems. In Free-Space
Laser Communication and Laser Imaging II; International Society for Optics and Photonics: Bellingham, WA,
USA, 2002.
39. Hallibert, P.; Marchi, A.Z. Developments in active optics for space instruments: An ESA perspective.
In Advances in Optical and Mechanical Technologies for Telescopes and Instrumentation II; International Society for
Optics and Photonics: Bellingham, WA, USA, 2016.
40. Nam, S.; Artikova, S.; Chung, T.; Garipov, G.; Jeon, J.A.; Jeong, S.; Jin, J.Y.; Khrenov, B.A.; Kim, J.E.; Kim, M.;
et al. A telescope for observation from space of extreme lightnings in the upper atmosphere. Nucl. Instrum.
Methods Phys. Res. Sect. A Accel. Spectrom. Detect. Assoc. Equip. 2008, 588, 197–200. [CrossRef]
41. McCandliss, S.R.; Carter, A.; Redwine, K.; Teste, S.; Pelton, R.; Hagopian, J.G.; Kutyrev, A.S.; Li, M.J.; Moseley,
H.H. Scattered light characterization of FORTIS. In UV, X-Ray, and Gamma-Ray Space Instrumentation for
Astronomy XX; International Society for Optics and Photonics: Bellingham, WA, USA, 2017. [CrossRef]
42. Fleming, B.T.; McCandliss, S.R.; Martin, K.R.; Adrian, M.E.K.; Kruk, J.; Feldman, P.D.; Kutyrev, A.S.; Li,
M.J.; Moseley, S.H.; Siegmun, O.; et al. Calibration and flight qualification of FORTIS. In UV, X-Ray,
and Gamma-Ray Space Instrumentation for Astronomy XVIII; International Society for Optics and Photonics:
Bellingham, WA, USA, 2013.
43. Clements, E.; Aniceto, R.; Barnes, D.; Caplan, D.; Clark, J.; Portillo, I.D.; Haughwout, C.; Khatsenko,
M.; Kingsbury, R.; Lee, M.; et al. Nanosatellite optical downlink experiment: Design, simulation, and
prototyping. Opt. Eng. 2016, 55, 111610. [CrossRef]
44. Zamkotsian, F.; Lanzoni, P.; Grassi, E.; Barette, R.; Fabron, C.; Tangen, K.; Valenziano, L.; Marchand, L.;
Duvet, L. Space evaluation of 2048 × 1080 mirrors DMD chip for ESA’s EUCLID Mission. In Space Telescopes
and Instrumentation 2010: Optical, Infrared, and Millimeter Wave; International Society for Optics and Photonics:
Bellingham, WA, USA, 2010.
45. Ryan, P.J.; Cornelissen, S.A.; Lam, C.V.; Bierden, P.A. Performance analysis of two high actuator count
MEMS deformable mirrors. In MEMS Adaptive Optics VII; International Society for Optics and Photonics:
Bellingham, WA, USA, 2013. [CrossRef]
46. Cornelissen, S.A.; Bierden, P.A.; Bifano, T.G.; Stewart, J.B. MEMS Deformable Mirrors for Adaptive Optics in
Astronomical Imaging. In The Advanced Maui Optical and Space Surveillance Technologies Conference, Wailea,
Maui, Hawaii; Citeseer: Princeton, NJ, USA, 2006.
47. Bifano, T.; Bierden, P.; Perreault, J. Micromachined deformable mirrors for dynamic wavefront control.
In Advanced Wavefront Control: Methods, Devices, and Applications II; International Society for Optics and
Photonics: Bellingham, WA, USA, 2004. [CrossRef]
48. Helmbrecht, M.A.; He, M.; Kempf, C.J. Scaling of the Iris AO segmented MEMS DM to larger arrays.
In MEMS Adaptive Optics III; International Society for Optics and Photonics: Bellingham, WA, USA, 2009.
[CrossRef]
49. Helmbrecht, M.A.; He, M.; Kempf, C.J.; Rhodes, P. The Iris AO S163-X, a 489 actuator,
163-piston/tip/tilt-segment MEMS DM. In Advanced Wavefront Control: Methods, Devices, and Applications
VII; International Society for Optics and Photonics: Bellingham, WA, USA, 2009. [CrossRef]
50. Vdovin, G.; Sarro, P.M.; Middelhoek, S. Technology and applications of micromachined silicon adaptive
mirrors. J. Micromech. Microeng. 1999, 9, R8–R20. [CrossRef]
Micromachines 2019, 10, 366 17 of 20
51. Wu, X.; Yao, L.; Ou, H. Novel hierarchically dimensioned deformable mirrors with integrated ASIC driver
electronics. In MEMS Adaptive Optics VI; International Society for Optics and Photonics: Bellingham, WA,
USA, 2012.
52. Wu, T.; Roberts, L.; Shelton, J.; Wu, Y.; Yao, L. Driver ASICs for Deformable Mirrors. In Proceedings of the
OSA Adaptive Optics Meeting; Arlington, VA, USA, 7–11 June 2015.
53. Prada, C.M.; Yao, L.; Wu, Y.; Roberts, L.C.; Shelton, C.; Wu, X. Characterization of low-mass deformable
mirrors and ASIC drivers for high-contrast imaging. In Techniques and Instrumentation for Detection of
Exoplanets VIII; International Society for Optics and Photonics: Bellingham, WA, USA, 2017.
54. Roberts, L.C.; Prada, C.M.; Shelton, J.C.; Meeker, S.R.; Yao, L.; Wu, Y.; Wu, X. Testing and Characterization
of deformable mirrors. In Adaptive Optics Systems VI; International Society for Optics and Photonics:
Bellingham, WA, USA, 2018.
55. Ma, W.; Ma, C.; Wang, W. Surface micromachined MEMS deformable mirror based on hexagonal
parallel-plate electrostatic actuator. J. Phys. Conf. Ser. 2017, 986, 012021. [CrossRef]
56. Lin, P.Y.; Hsieh, H.T.; Su, G.D.J. Design and fabrication of a large-stroke MEMS deformable mirror for
wavefront control. J. Opt. 2011, 13, 055404. [CrossRef]
57. Dagel, D.J.; Cowan, W.D.; Spahn, O.B.; Grossetete, G.D.; Griñe, A.J.; Shaw, M.J.; Resnick, P.J.; Jokiel, B.
Large-stroke MEMS deformable mirrors for adaptive optics. J. Microelectromech. Syst. 2006, 15, 572–583.
[CrossRef]
58. Yang, E.H.; Hishinuma, Y.; Cheng, J.G.; Trolier-Mckinstry, S.; Bloemhof, E.; Levine, B.M. Thin-Film
Piezoelectric Unimorph Actuator-Based Deformable Mirror With a Transferred Silicon Membrane.
J. Microelectromech. Syst. 2006, 15, 1214–1225. [CrossRef]
59. Xu, X.H.; Li, B.Q.; Feng, Y.; Chu, J.R. Design, fabrication and characterization of a bulk-PZT-actuated MEMS
deformable mirror. J. Micromech. Microeng. 2007, 17, 2439. [CrossRef]
60. Macintosh, B.; Graham, J.; Palmer, D.; Doyon, R.; Gavel, D.; Saddlemyer, L.; Erikson, D.; Bauman, B.;
Poyneer, L.; Morzinski, K.; et al. The Gemini Planet Imager. In Advances in Adaptive Optics II. International
Society for Optics and Photonics: Bellingham, WA, USA, 2006. [CrossRef]
61. Poyneer, L.A.; Bauman, B.; Cornelissen, S.; Isaacs, J.; Jones, S.; Macintosh, B.A.; Palmer, D.W. The use of a
high-order MEMS deformable mirror in the Gemini Planet Imager. In MEMS Adaptive Optics V; International
Society for Optics and Photonics: Bellingham, WA, USA, 2011. [CrossRef]
62. Baranec, C.; Riddle, R.; Ramaprakash, A.N.; Law, N.; Tendulkar, S.; Kulkarni, S.; Dekany, R.; Bui, K.; Davis, J.;
Burse, M.; et al. Robo-AO: Autonomous and replicable laser-adaptive-optics and science system. In Adaptive
Optics Systems III; International Society for Optics and Photonics: Bellingham, WA, USA, 2012. [CrossRef]
63. Gavel, D.; Kupke, R.; Dillon, D.; Norton, A.; Ratliff, C.; Cabak, J.; Phillips, A.; Rockosi, C.; McGurk, R.;
Srinath, S.; et al. ShaneAO: Wide science spectrum adaptive optics system for the Lick Observatory. In
Adaptive Optics Systems IV; International Society for Optics and Photonics: Bellingham, WA, USA, 2014.
[CrossRef]
64. Sahoo, A.; Guyon, O.; Clergeon, C.S.; Skaf, N.; Minowa, Y.; Lozi, J.; Jovanovic, N.; Martinache, F.
Subaru Coronagraphic Extreme-AO (SCExAO) wavefront control: Current status and ongoing developments.
In Adaptive Optics Systems VI; International Society for Optics and Photonics: Bellingham, WA, USA, 2018.
[CrossRef]
65. Martinache, F.; Jovanovic, N.; Guyon, O. Closed-loop focal plane wavefront control with the SCExAO
instrument. Instrum. Methods Astrophys. 2016, 33, 1–8. [CrossRef]
66. Van Gorkom, K.; Miller, K.L.; Males, J.R.; Guyon, O.; Rodack, A.T.; Lumbres, J.; Knight, J.M. Characterization
of deformable mirrors for the MagAO-X project. In Proceedings of the SPIE Astronomical Telescopes and
Instrumentation, Austin, TX, USA, 10–15 June 2018. [CrossRef]
67. Stapelfeldt, K.R. Extrasolar planets and star formation: Science opportunities for future ELTs. Proc. Int.
Astron. Union 2005, 1, 149–158. [CrossRef]
68. Guyon, O. Limits of Adaptive Optics for high contrast imaging. Astrophys. J. 2005, 629, 592–614. [CrossRef]
69. Cavarroc, C.; Boccaletti, A.; Baudoz, P.; Fusco, T.; Rouan, D. Earth-like planet detection with Extremely
Large Telescopes. Astron. Astrophys. 2006, 447, 397–403.:2006134. [CrossRef]
70. Douglas, E.S.; Males, J.R.; Clark, J.; Guyon, O.; Lumbres, J.R.; Marlow, W.A.; Cahoy, K.L. Laser Guide Star
for Large Segmented-Aperture Space Telescopes, Part I: Implications for Terrestrial Exoplanet Detection and
Observatory Stability. Astron. J. 2019, 157. [CrossRef]
Micromachines 2019, 10, 366 18 of 20
71. Snik, F.; Absil, O.; Baudoz, P.; Beaulieu, M.; Bendek, E.; Cady, E.; Carlomagno, B.; Carlotti, A.; Cvetojevic,
N.; Doelman, D.; et al. Review of high-contrast imaging systems for current and future ground-based and
space-based telescopes III. Technology opportunities and pathways. In Advances in Optical and Mechanical
Technologies for Telescopes and Instrumentation III; International Society for Optics and Photonics: Bellingham,
WA, USA, 2018.
72. Seager, S.; Turnbull, M.; Sparks, W.; Thomson, M.; Shaklan, S.B.; Roberge, A.; Kuchner, M.; Kasdin, N.J.;
Domagal-Goldman, S.; Cash, W.; et al. The Exo-S probe class starshade mission. In Techniques and
Instrumentation for Detection of Exoplanets VII; International Society for Optics and Photonics: Bellingham,
WA, USA, 2015. [CrossRef]
73. Sidick, E.; Shi, F. Effect of DM actuator errors on the WFIRST/AFTA coronagraph contrast performance.
Tech. Instrum. Detect. Exopl. 2015, 9605, 960506. [CrossRef]
74. Macintosh, B.; Graham, J.; Oppenheimer, B.; Poyneer, L.; Sivaramakrishnan, A.; Veran, J.P. MEMS-based
extreme adaptive optics for planet detection. In MEMS/MOEMS Components and Their Applications III;
International Society for Optics and Photonics: Bellingham, WA, USA, 2006. [CrossRef]
75. Bendek, E.; Lynch, D.; Pluzhnik, E.; Belikov, R.; Klamm, B.; Hyde, E.; Mumm, K. Development of a
miniaturized deformable mirror controller. In Adaptive Optics Systems V; International Society for Optics
and Photonics: Bellingham, WA, USA, 2016. [CrossRef]
76. Mazoyer, J.; Pueyo, L.; N’Diaye, M.; Fogarty, K.; Zimmerman, N.; Soummer, R.; Shaklan, S.; Norman, C.
Active correction of aperture discontinuities—Optimized stroke minimization II: Optimization for future
missions. Astron. J. 2017, 155, 8. [CrossRef]
77. Groff, T.D.; Eldorado Riggs, A.J.; Kern, B.; Jeremy Kasdin, N. Methods and limitations of focal plane sensing,
estimation, and control in high-contrast imaging. J. Astron. Telesc. Instrum. Syst. 2015. [CrossRef]
78. Give’on, A.; Kern, B.; Shaklan, S.; Moody, D.C.; Pueyo, L. Broadband wavefront correction algorithm for
high-contrast imaging systems. In Astronomical Adaptive Optics Systems and Applications III; International
Society for Optics and Photonics: Bellingham, WA, USA, 2007. [CrossRef]
79. Mazoyer, J.; Pueyo, L.; N’Diaye, M.; Fogarty, K.; Zimmerman, N.; Leboulleux, L.; Laurent, K.E.S.;
Soummer, R.; Shaklan, S.; Norman, C. Active correction of aperture discontinuities—Optimized stroke
minimization I: A new adaptive interaction matrix algorithm. Astron. J. 2017, 155, 7. [CrossRef]
80. Pueyo, L.; Kay, J.; Kasdin, N.J.; Groff, T.; McElwain, M.; Give’on, A.; Belikov, R. Optimal dark hole generation
via two deformable mirrors with stroke minimization. Appl. Opt. 2009, 48. [CrossRef]
81. Saxena, P.; Rizzo, M.J.; Mejia Prada, C.; Llop Sayson, J.D.; Gong, Q.; Cady, E.J.; Mandell, A.M.; Groff, T.D.;
McElwain, M.W. Commissioning and performance results of the PISCES instrument. In These Proceedings;
International Society for Optics and Photonics: Bellingham, WA, USA, 2017. [CrossRef]
82. Helmbrecht, M.A.; He, M.; Kempf, C.J.; Marchis, F. Long-term stability and temperature variability of Iris
AO segmented MEMS deformable mirrors. In Adaptive Optics Systems V; International Society for Optics
and Photonics: Bellingham, WA, USA, 2016. [CrossRef]
83. Wallace, B.P.; Hampton, P.J.; Bradley, C.H.; Conan, R. Evaluation of a MEMS deformable mirror for an
adaptive optics test bench. Opt. Express 2006, 14, 10132–10138. [CrossRef]
84. Evans, J.W.; Morzinski, K.; Reza, L.; Severson, S.; Poyneer, L.; Macintosh, B.A.; Dillon, D.; Sommargren, G.;
Palmer, D.; Gavel, D.; et al. Extreme adaptive optics testbed: High contrast measurements with a MEMS
deformable mirror. In Techniques and Instrumentation for Detection of Exoplanets II; International Society for
Optics and Photonics: Bellingham, WA, USA, 2005. [CrossRef]
85. Lozi, J.; Belikov, R.; Thomas, S.J.; Pluzhnik, E.; Bendek, E.; Guyon, O.; Schneider, G. Experimental study of a
low-order wavefront sensor for high-contrast coronagraphic imagers: Results in air and in vacuum. In Space
Telescopes and Instrumentation 2014: Optical, Infrared, and Millimeter Wave; International Society for Optics and
Photonics: Bellingham, WA, USA, 2014. [CrossRef]
86. Sirbu, D.; Thomas, S.J.; Belikov, R.; Lozi, J.; Bendek, E.; Pluzhnik, E.; Lynch, D.H.; Hix, T.; Zell, P.;
Schneider, G.; et al. EXCEDE technology development IV: Demonstration of polychromatic contrast in
vacuum at 1.2 λ/D. In Techniques and Instrumentation for Detection of Exoplanets VII; International Society for
Optics and Photonics: Bellingham, WA, USA, 2015. [CrossRef]
Micromachines 2019, 10, 366 19 of 20
87. Lyon, R.G.; Clampin, M.; Petrone, P.; Mallik, U.; Madison, T.; Bolcar, M.R. High contrast vacuum nuller
testbed (VNT) contrast, performance, and null control. In Space Telescopes and Instrumentation 2012: Optical,
Infrared, and Millimeter Wave; International Society for Optics and Photonics: Bellingham, WA, USA, 2012.
[CrossRef]
88. Enya, K.; Kataza, H.; Bierden, P. A Micro Electrical Mechanical Systems (MEMS)-based Cryogenic
Deformable Mirror. Publ. Astron. Soc. Pac. 2009, 121, 260–265. [CrossRef]
89. Takahashi, A.; Enya, K.; Haze, K.; Kataza, H.; Kotani, T.; Matsuhara, H.; Kamiya, T.; Yamamuro, T.; Bierden, P.;
Cornelissen, S.; et al. Laboratory demonstration of a cryogenic deformable mirror for wavefront correction
of space-borne infrared telescopes. Appl. Opt. 2017, 56, 6694–6708. [CrossRef] [PubMed]
90. Dyson, H.; Sharples, R.; Dipper, N.; Vdovin, G. Cryogenic wavefront correction using membrane deformable
mirrors. Opt. Express 2009, 8, 17. [CrossRef]
91. Shea, H. Radiation sensitivity of microelectromechanical system devices. J. Micro/Nanolithograph.
MEMS MOEMS 2009, 8, 031303. [CrossRef]
92. Miyahira, T.F.; Becker, H.N.; McClure, S.S.; Edmonds, L.D.; Johnston, A.H. Total Dose Degradation of MEMS
Optical Mirrors. IEEE Trans. Nucl. Sci. 2003, 50, 1860–1866. [CrossRef]
93. Bierden, P.; Bifano, T.; Cornelissen, S.; Kasdin, J.; Levine, M. Technology Development for Exoplanet Missons
Technology Milestone White Paper: MEMS Deformable Mirror Technology; Technical Report; California Institute
of Technology: Pasadena, CA, USA, 2013.
94. Mendillo, C.B.; Hicks, B.A.; Cook, T.A.; Bifano, T.G.; Content, D.A.; Lane, B.F.; Levine, B.M.; Rabin, D.;
Rao, S.R.; Samuele, R.; et al. PICTURE: A sounding rocket experiment for direct imaging of an extrasolar
planetary environment. In Space Telescopes and Instrumentation 2012: Optical, Infrared, and Millimeter Wave;
International Society for Optics and Photonics: Bellingham, WA, USA, 2012. [CrossRef]
95. Bracewell, R.; MacPhie, R. Searching for Nonsolar Planets. Icarus 1979, 38, 136–147. [CrossRef]
96. NASA Sounding Rocket Program Handbook; Goddard Space Flight Center: Wallops Island, VA, USA, 2005.
97. Douglas, E.S.; Mendillo, C.B.; Cook, T.A.; Cahoy, K.L.; Chakrabarti, S. Wavefront Sensing in Space:
Flight Demonstration II of the PICTURE Sounding Rocket Payload. J. Astron. Telesc. Instrum. Syst. 2018,
4, 019003. [CrossRef]
98. Cook, T.; Cahoy, K.; Chakrabarti, S.; Douglas, E.; Finn, S.C.; Kuchner, M.; Lewis, N.; Marinan, A.; Martel, J.;
Mawet, D.; et al. Planetary Imaging Concept Testbed Using a Recoverable Experiment–Coronagraph
(PICTURE C). J. Astron. Telesc. Instrum. Syst. 2015, 1, 044001. [CrossRef]
99. Mendillo, C.B.; Howe, G.A.; Hewawasam, K.; Martel, J.; Finn, S.C.; Cook, T.A.; Chakrabarti, S.
Optical tolerances for the PICTURE-C mission: Error budget for electric field conjugation, beam walk,
surface scatter, and polarization aberration. In Techniques and Instrumentation for Detection of Exoplanets VIII;
International Society for Optics and Photonics: Bellingham, WA, USA, 2017. [CrossRef]
100. Côté, O.; Allain, G.; Brousseau, D.; Lord, M.P.; Ouahbi, S.; Ouellet, M.; Patel, D.; Thibault, S.; Vallée, C.;
Belikov, R.; et al. A precursor mission to high contrast imaging balloon system. In Ground-based and
Airborne Instrumentation for Astronomy VII; International Society for Optics and Photonics: Bellingham, WA,
USA, 2018. [CrossRef]
101. Thomas, K. HiCIBaS—Up, up, and away. SPIE Newsroom 2018. [CrossRef]
102. Allain, G.; Brousseau, D.; Thibault, S.; Vallée, C.; Ouellet, M.; Véran, J.P.; Daigle, O. First on-sky results,
performance, and future of the HiCIBaS-LOWFS. In Adaptive Optics Systems VI; International Society for
Optics and Photonics: Bellingham, WA, USA, 2018. [CrossRef]
103. Cahoy, K.L.; Marinan, A.D.; Novak, B.; Kerr, C.; Nguyen, T.; Webber, M.; Falkenburg, G.; Barg, A. Wavefront
control in space with MEMS deformable mirrors for exoplanet direct imaging. J. Micro/Nanolithograph.
MEMS MOEMS 2014, 13. [CrossRef]
104. Marinan, A.; Cahoy, K. CubeSat Deformable Mirror Demonstration. In Space Telescopes and Instrumentation
2012: Optical, Infrared, and Millimeter Wave; International Society for Optics and Photonics: Bellingham, WA,
USA, 2014.
105. Marinan, A.; Cahoy, K.; Merck, J.; Belikov, R.; Bendek, E. Improving Nanosatellite Imaging with Adaptive
Optics. Small Satell. Conf. 2016, 4, 1–12.
Micromachines 2019, 10, 366 20 of 20
106. Douglas, E.S.; Allan, G.; Barnes, D.; Figura, J.S.; Haughwout, C.A.; Gubner, J.N.; Knoedler, A.A.; LeClair, S.;
Murphy, T.J.; Skouloudis, N.; et al. Design of the deformable mirror demonstration CubeSat (DeMi).
In Techniques and Instrumentation for Detection of Exoplanets VIII; International Society for Optics and Photonics:
Bellingham, WA, USA, 2017. [CrossRef]
107. Allan, G.W. Simulation and Testing of Wavefront Reconstruction Algorithms for the Deformable Mirror
(DeMi) Cubesat. Master’s Thesis, Massachusetts Institute of Techonology, Cambridge, MA, USA, 2018.
108. Allan, G.; Douglas, E.S.; Barnes, D.; Egan, M.; Furesz, G.; Grunwald, W.; Gubner, J.; Holden, B.G.;
Haughwout, C.; do Vale Pereira, P.; et al. The deformable mirror demonstration mission (DeMi) CubeSat:
Optomechanical design validation and laboratory calibration. In Space Telescopes and Instrumentation 2018:
Optical, Infrared, and Millimeter Wave; International Society for Optics and Photonics: Bellingham, WA,
USA, 2018. [CrossRef]
109. Gubner, J. Payload Configuration, Integration and Testing of the Deformable Mirror Demonstration Mission
(DeMi) CubeSat. Small Satell. Conf. 2016, 8, 1–6.
110. Boston Micromachines Corporation. Boston Micromachines Successfully Delivers High Actuator Count MEMS
Deformable Mirror to NASA and Continues Development for the WFIRST Program; Technical Report;
Boston Micromachines Corporation: Cambridge, MA, USA, 2018.
111. The Habitable Exoplanet Observatory (HabEx) Mission Concept Study Interim Report; Technical Report;
NASA Jet Propulsion Laboratory Astronomy, Pysics, and Space Technology Directorate. 2018. unpublished.
112. Bolcar, M.R. The Large UV/Optical/Infrared (LUVOIR) surveyor: Decadal Mission concept technology
development overview. In UV/Optical/IR Space Telescopes and Instruments: Innovative Technologies and Concepts
VIII; International Society for Optics and Photonics: Bellingham, WA, USA, 2017. [CrossRef]
113. Bolcar, M.R.; Crooke, J.A.; Hylan, J.E.; Bronke, G.; Collins, C.; Corsetti, J.A.; Generie, J.; Gong, Q.; Groff, T.;
Hayden, W.; et al. The large UV/optical/infrared surveyor (LUVOIR): Decadal mission study update.
In UV/Optical/IR Space Telescopes and Instruments: Innovative Technologies and Concepts VIII; International
Society for Optics and Photonics: Bellingham, WA, USA, 2018. [CrossRef]
114. Pueyo, L.; Zimmerman, N.; Bolcar, M.; Groff, T.; Stark, C.; Ruane, G.; Jewell, J.; Soummer, R.; St Laurent, K.;
Wang, J.; et al. The LUVOIR architecture “A” coronagraph instrument. In UV/Optical/IR Space Telescopes
and Instruments: Innovative Technologies and Concepts VIII; International Society for Optics and Photonics:
Bellingham, WA, USA, 2017. [CrossRef]
© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).
